Bioavailability of metals in anaerobic granular sludge has been extensively studied, because it can have a major effect on metal limitation and metal toxicity to microorganisms present in the sludge.
INTRODUCTION
Wastewater generated by condensation processes (e.g. in alcohol distilleries) contains low concentrations of the metals essential for growth and activity of methanogenic microorganisms. These organisms are present in reactors with granulated biomass such as the anaerobic up-flow sludge blanket (UASB) reactor. It has been shown that lack of Co, Ni, Fe or Zn causes a decrease of methanogenic activity and undesirable evolution of microbial community in the anaerobic granular sludge (development of acidogenic organisms). When trace metals are lacking in the influent, methanogens can lose their ability to degrade their substrate. Consequently, acidogenic organisms develop fast in the reactor and cause acidification of the reactor (Fermoso et al. a, b) .
Various forms of trace metals (e.g. CoCl 2 , [CoEDTA] 2À or vitamin B 12 as sources of cobalt) have been investigated for their bioavailability to methanogens. Bioavailability of trace metals can be dramatically decreased by physicalchemical processes taking place in the granular sludge (precipitation, adsorption etc.) . As shown by Bartacek et al. () , the kinetics of metal absorption in anaerobic granular sludge has a strong impact on metal toxicity and the metal absorption can be limited by intra-particle diffusion. At the same time, transport of metals inside methanogenic granules is a crucial factor for limitation by essential metal, e.g. in case of pulse-dosing of these metals into metal-limited anaerobic reactors (Fermoso et al. ) .
The knowledge of metals transport in biofilm is mainly based on mathematical models. The data for these models have been obtained from indirect measurements conducted in the bulk liquid (Beyenal & Lewandowski ) . Thus, an experimental tool for direct measurements is required to confirm or reject these models. Magnetic resonance imaging (MRI) is a non-destructive method that can be applied under in situ conditions to study metal transport in biofilms (Nestle ) and it has been previously used for measurements in methanogenic granules (Bartacek et al. ) . It can also be used to reveal the inner structure of biofilm and to describe the transport properties (diffusivity) of the water contained in the biofilm matrix (Lens & Hemminga ) .
This paper shows the transport processes taking place in anaerobic granular sludge and their impact on metal bioavailability, i.e. metal limitation and toxicity. MRI microscopy was used as the method for in situ studies of metal transport inside methanogenic granules. Metal toxicity and limitation was determined based on batch methanogenic experiments and continuously operated UASB reactors.
MATERIALS AND METHODS

Specific maximum methanogenic activity tests
Specific methanogenic activity (SMA) with methanol as the substrate was determined in duplicate at 30 (±2) W C using a hand-held pressure meter. The produced pressure was measured one to three times a day. Granular sludge specimens (1.00 ± 0.01 g wet weight) were transferred to 120 mL serum bottles containing 50 mL basal medium with methanol as a sole substrate (4 g chemical oxygen demand (COD) per liter of methanogenic medium) along with different cobalt concentrations. Composition of micro-nutrients and macronutrients in the methanogenic media was the same as used in previous experiments (Bartacek et al. ) with differences only in cobalt concentration. To evaluate the extent to which the investigated granular sludge was limited by low content of cobalt, SMA obtained in the presence (SMA þCo ) and in the absence of cobalt (SMA ÀCo ) were routinely determined. A dose of 20 μM CoCl 2 was used to ensure sufficient presence of cobalt in the bottles measuring SMA þCo . Subsequently, the cobalt saturation index (I Co ) was calculated as the ratio between SMA ÀCo and SMA þCo :
The cobalt saturation index was measured during operation of UASB reactors to evaluate the evolution of cobalt limitation in time subsequent to cobalt pulse dosing.
Continuous operation of UASB reactors
Several UASB reactors were subsequently operated for 35-40 days (always two reactors in parallel). The reactor system consisted of a cylindrical 2.9 L UASB reactor made of plexi glass with separate influents of: (1) micronutrients (all trace metals except cobalt) in concentrations described earlier (Bartacek et al. ) ; (2) macronutrients and methanol as substrate; and (3) dilution water. The organic loading rate was kept at 4 g COD/L reactor /day and the reactor was operated at 30 (±2) W C. The superficial up-flow velocity of 0.5 m/h was ensured by recycling the effluent. The rector contained 1 L of settled granular sludge, i.e. approximately 70 g VSS/L reactor . The system is illustrated in Figure 1 . The reactors were operated approximately for 10 days without any source of cobalt to induce cobalt limitation and then cobalt was injected in a single pulse. The changes in cobalt content and methanogenic activity of the anaerobic granular sludge were investigated subsequently for 25-35 days.
Chemical analyses
Total dissolved metal concentrations in the liquid phase were determined by graphite furnace atomic absorption spectrometry (GFAAS) in samples acidified with 0.1 M HNO 3 . The metal composition of the sludge was determined after destruction with Aqua Regia (mixture of 2.5 mL 65% HNO 3 and 7.5 mL 37% HCl). The samples were centrifuged at 10,000 rpm to remove particles from the liquid phase. The total suspended solids (TSS) and volatile suspended solids (VSS) concentrations were determined according to Standard Methods (APHA/AWWA/WEF ). All chemicals were of analytical or biological grade and purchased from E. Merck AG (Darmstadt, Germany).
Source of biomass
Mesophilic methanogenic granular sludge was obtained from a full-scale UASB reactor treating alcohol distillery wastewater at Nedalco (Bergen op Zoom, The Netherlands).
The content of organic material in the granular sludge (VSS/TSS ratios) was 81%. For the inoculum, the SMA ÀCo and SMA þCo were 160 and 770 mg COD-CH 4 /g VSS/d, respectively.
Magnetic resonance imaging
Choice of metals under study
Three metals were chosen for the MRI experiments: cobalt, iron and gadolinium. Cobalt is a trace metal that plays an important role in many methanogenic metabolic pathways (Fermoso et al. a) . Thus, the transport of cobalt can directly influence methanogenic processes. Gadolinium was chosen for its high relaxivity which makes it an extremely good model agent for MRI measurements. This metal has frequently been used in medical studies describing metal transport in various tissues and its magnetic properties are, therefore, well described (Caravan et al. ) .
Experimental set-up and MRI
Single granules were fixed in a glass tube, through which demineralized or tap water was circulated to establish stable conditions. At the start of each experiment, a certain concentration of the investigated metal compound (5 mM CoCl 2 , 1 mM FeCl 2 , 2 mM [FeEDTA] 2À , 0.01 mM GdCl 3 or 0.5 mM [GdDTPA] 2À ) was introduced in the water circuit. Subsequently, the increase of metal concentration inside the granule was measured using the 3D Turbo Spin Echo (TSE) imaging method developed previously by Mohoric The experiments consisted of a series (several tens to several hundreds) of TSE measurements. 3D T 2 and amplitude (A 0 ) maps of the granule were acquired prior to, and upon, termination of each experiment. The metal solutions were always injected after taking several TSE images of the granule in demineralized water to document the situation at time zero. 3D T 1 maps were occasionally acquired due to their long acquisition time requirement (approx. 160 min). Consequently, a series of 3D TSE measurements (30-400) were performed, always followed by a final 3D T 2 map measurement (Bartacek et al. ) .
MRI imager
All MRI measurements were done at 30 (±2) W C on a 0.7 T (30.7 MHz for protons) imager consisting of a Bruker Avance console (Bruker BioSpin, Karlsruhe, Germany), a Bruker electromagnet stabilized by an external 19F lock unit, a custom-built solenoid RF-probe and an actively shielded gradient system with planar geometry (Gmax 1 T/m; Resonance Instruments Ltd, Witney, UK). The RFprobe had an inner diameter of 5 mm and was inductively coupled to avoid continuous retuning and matching of the RF-probe due to the change in loading by the iron solution.
Scanning electron microscopy
For scanning electron microscopy (SEM), samples were fixed for 1 h in an aqueous glutaraldehyde solution (2.5%), rinsed with water, and subjected to a series of ethanol (10, 30, 50, 70, 90, 100%; 20 min per step) before critical-point drying with carbon dioxide (CPD 020, Balzers, Liechtenstein). Samples were then fitted on a brass sample holder with carbon adhesive tabs (Electron Microscopy Sciences, Hatfield, PA) and coated with carbon. An additional 5 nm platinum coating was applied by magnetron sputtering. Specimens were analyzed with a field emission scanning electron microscope (JEOL 6300 F, Tokyo, Japan) at room temperature at a working distance between 8 and 15 mm. All images were recorded digitally (Orion 6, E.L.I. sprl., Belgium) at a scan rate of 100 s (full frame) and at a size of 2,528 × 2,030.
RESULTS AND DISCUSSION
Transport properties of granular matrix
Distribution of the amplitude values (measure of water density) over the methanogenic granules was rather even with occasional areas with relatively low A 0 , approximately 20 to 30% of the average value (Figure 2(a) ). The regions with the lower A 0 occurred always coincidently with low T 1 values usually lower than 0.3 s (Figures 2(a) and (b) ). The latter can mean, e.g. the presence of precipitates or very dense biomass in these regions (Type I regions). In contrast, channel-like structures with high T 1 values (0.7-0.9 s) that cannot be related to distinctive areas in the A 0 maps occur in the granules. The T 1 of the methanogenic granules typically ranged from 0.2 to 1.0 s with an average value between 0.4 and 0.5 s (Figure 2(d) ). Areas that have T 1 comparable with free water (approximately 1.2 s) were rarely detected in the core of the methanogenic granules. These areas (Type II regions), possibly cracks, were small, without apparent connection to the surrounding water (Figures 2(c) and (d) ).
Type I regions had lower A 0 , T 1 and T 2 compared with the rest of the granule. This indicates that water density and water mobility was lower in these regions, i.e. Type I regions may indicate the presence of precipitates inside the granular matrix (Nott et al. ) .
Type II regions were characterized by A 0 as high as in the rest of the granules and T 1 and T 2 values similar to those measured in the liquid surrounding the granule. Considering that the granular matrix contains approximately 95% of water, it is clear that A 0 measured inside the granules (except Type I regions) is close to A 0 measured in the surrounding liquid. However, the T 1 and T 2 values are strongly shortened in most of the granular matrix (Lens et al. ; Gonzalez-Gil et al. ) . Therefore, high T 1 and T 2 values may indicate the presence of cracks, such as those revealed by the SEM images (Figure 2(e) ). As shown by Bartacek et al. () , the presence of these distinct regions can either restrict or facilitate transport of metals in anaerobic granules.
Transport of metal species inside methanogenic granules
Complexation of metals had a crucial effect on the type of metal transport in anaerobic granules. When injected in free ion form (Gd 3þ ), gadolinium formed a reaction barrier, which slowly advanced from the edge towards the core of the granule. Formation of a reactive barrier was also observed when the granules were exposed to CoCl 2 ( Figure 4) . In contrast, when bound as [GdDTPA 2À ], the concentration of gadolinium increased in the entire volume of the granule immediately upon the injection of gadolinium. This process was much faster than when free gadolinium was injected (Figures 3(a) and (b) ). These results are in accordance with Bartacek et al. () who showed that the diffusion of iron bound in the [FeEDTA] 2À complex could be modeled using Fickian diffusion equations for diffusion in spheres.
Another important effect of metal complexation is that when metal is dosed as a free ion (e.g. as CoCl 2 ), it tends to become oversaturated in the granular matrix (Figures 3  (a) and 4) . This accumulation was also observed by Phoenix & Holmes () for copper accumulation in phototrophic biofilm. In contrast, metals bound to complexes (usually negatively charged) tend to reach lower concentrations than present in the surrounding solution (Figure 3(b) ). This effect may be due to Donnan effect, i.e. repulsion of negatively charged complexes by negatively charged extracellular polymers (EPS) present in the granular matrix (Van Hullebusch et al. ; Bartacek et al. ) .
Effect of metal transport on metal bioavailability
When injected in small amounts into batch bottles, [CoEDTA] 2À can better stimulate the methanogenic activity of cobalt limited granular sludge than CoCl 2 (Figure 5(a) ). However, if injected in high amount, [CoEDTA] 2À is less toxic than CoCl 2 (Figure 5(b) ). The same results were obtained with nickel (Bartacek et al. ) .
The lower toxicity of the complexed metal species may be explained by lower bioavailability of metals due to the strong bond to the organic molecule (e.g. EDTA), which cannot cross bacterial cell walls (Worms et al. ) . However, this situation cannot explain the higher stimulation effect of the complexed forms ( Figure 5(a) ). The latter phenomenon can be only explained by the ability of the complexes to quickly penetrate the entire volume of the anaerobic granules (Figure 3(a) ). In contrast, if the absolute amount of the free metal species in the bulk solution is not high enough (the case of the trace metal injections) metals will react with the granular matrix (Figures 3(b) and 4) and can be precipitated only on the surface of the granules, without penetrating the entire volume. Thus, a substantial part of the microorganisms present in the methanogenic granule cannot participate in the methanogenic substrate conversion.
When cobalt was injected into continuously operated cobalt-limited UASB reactors as vitamin B 12 (strongly complexed form of cobalt), the stimulating effect was immediate ( Figure 6(a) ). However, a significant amount of Co was washed out from the reactor within the first day after injection (more than 20%). More importantly, the stimulating effect of cobalt (cobalt saturation index, I Co ) as well as cobalt content in the granular sludge decreased rapidly within several days after cobalt injection (Figure 6(a) ). The opposite was observed with CoCl 2 injection ( Figure 6(b) ): low wash out from the reactor (less than 5%), slow start of cobalt stimulation, but the decrease of I Co and cobalt content was much slower than in the case of vitamin B 12 .
Both the fast, and short term effect of complexed forms as well as the slow and lasting effect of free metal species can be explained by transport processes described using MRI (Figures 3 and 4) . The free forms travel slower in the granules, but can become oversaturated (Figure 3 ). It has been shown previously, that nickel transport in anaerobic granules was also limited by intra-particle diffusion (Bartacek et al. ) .
It has been reported that pulse additions CoCl 2 were able to sustain methanogenic activity in the UASB reactor for longer period than [CoEDTA] 2À , although the stimulation effect of cobalt was faster in the case of [CoEDTA] 2À (Fermoso et al. ) . Again, this phenomenon can be explained using the results obtained with MRI: complexed metal species travel faster within the granular matrix than the free species and can quickly reach all cells present in the granular matrix. However, the free metal species react (precipitate) with the matrix and therefore can reach higher concentrations inside the granule and can be stored in the granular sludge for a longer period (Figures 3(a) and 4). 
